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Kinetics of Interaction of HLA-C Ligands
with Natural Killer Cell Inhibitory Receptors
be divided into two groups, depending on the amino
acid found at position 80. These two groups of HLA-C
molecules define two nonoverlapping NK specificities:
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Harvard University NK1 (which recognizes K80 of the HLA-C protein) and
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Direct binding of a p58 NK receptor to HLA-C molecules
was first demonstrated in experiments with HLA-C
transfected 721.221 cells and soluble chimeric NKIR-IgSummary
molecules (Wagtmann et al., 1995; Dohringand Colonna,
1996). Later studies using a soluble NKIR (clone 42/The recognition of HLA-C molecules by specific inhibi-
NKAT1) and HLA-Cw4 protein, both expressed in bacte-tory receptors is a crucial step in the regulation of
ria and refolded, proved that HLA-C issufficient for bind-natural killer (NK) cell function. Using soluble, recom-
ing to NKIR and that the interaction between these twobinant HLA-C molecules and NK inhibitory receptors
molecules does not require glycosylation (Fan et al.,(NKIR, members of the immunoglobulin superfamily),
1996). However, these experiments did not demonstratewe show that HLA-C binds to NKIR molecules with
the specificity of the interaction, i.e., the interaction ofextremely fast association and dissociation rates,
NKAT1 with HLA-Cw3 or NKAT2 with HLA-Cw4 was notamong the fastest of the immune system interactions
examined.so far studied. These kinetics may be essential for the
Since the HLA-C/NKIR interaction is such a crucialbiological function of NK cells, i.e., to facilitate the
regulatory step in the activation/inhibition of NK cells,rapid immunosurveillance of cells for absent or dimin-
it is important to understand its kinetic characteristics.ished expression of class I MHC proteins.
In the present study, two soluble HLA-C and two NKIR
(p58) molecules, each representing one of the twoIntroduction
HLA-C NK specificities, NK1 and NK2,were expressed in
E. coli and then refolded, purified as monomeric species,Natural killer (NK) cells are large granular lymphocytes
and used to analyze the receptor/ligand interactions.that are able to lyse certain virus-infected cells and tu-
The specific interaction between these NK receptorsmor cells without prior stimulation (Trinchieri, 1989). NK
and their ligands shows unusually fast association andcells search and lyse cells that have lost the expression
dissociation rates.of class I MHC molecules, the ªmissing selfº hypothesis
(Ljunggren and Karre, 1990), and they are inhibited by
cells expressing the correct combination of self±class I Results
molecules. Further studies revealed that HLA-C proteins
are the dominant molecules that prevent killing of a Expression, Purification, and Characterization
target by a self±NK cell (Colonna et al., 1993a, 1993b; of Recombinant Proteins
Valiante et al., 1997). Several families of receptors are The extracellular portions of HLA-Cw6 and HLA-Cw7
known to be involved in the regulation of NK cell physiol- heavy chains (residues 1±271), NKIRs (NKAT1 and NKAT2,
ogy (reviewed by Lopez-Botet et al., 1997; Moretta et al., residues 1±223), and b2-microglobulin (b2m) were ex-
1997; Lanier, 1998). Interactions through these receptors pressed in E. coli, recovered as inclusion bodies, and
control different activating/inhibiting signal pathways, solubilized in 8 M urea. Denatured NKIRs were refolded
and their balance regulates the behavior of the NK cell. by dialysis, concentrated, and the NKIR monomer was
One of the main inhibitory pathways starts with the rec- purified by gel filtrationusing FPLC. HLA-C heavy chains
ognition of a self-HLA-C molecule on the target cell by (HLA-Cw6 and -Cw7) were refolded by dilution in the
members of the immunoglobulin superfamily p58 natural presence of b2m and anappropriate peptide. The prepa-
killer cell inhibitory receptors (NKIR) on the NK effectors rations were concentrated and the heavy chain/b2m/
(Ciccone et al., 1992; Colonna et al., 1992). Subsequent peptide heterotrimers purified by gel filtration (Figure 1).
studies have elucidated the basis of the inhibitory path- In some cases, HLA-C proteins were further purified
way initiated by NKIRs: on binding to class I MHC mole- using ion exchange chromatography on a Mono-Q col-
cules, tyrosine residues present in the ITIM motif found umn, where they eluted as a single peak that contained
in the cytoplasmic tail of NKIR become phosphorylated both heavy chain and b2m.
and then bind a protein tyrosine phosphatase, SHP-1, After refolding and FPLC purification, recombinant
which acts in a manner not yet known to prevent activa- proteins were run in IEF gels. HLA-C molecules migrate
tion of the NK cell (Burshtyn et al., 1996; Campbell et as a single main band in these gels, whereas NKIRs
al., 1996; Fry et al., 1996; Olcese et al., 1996). show two main bands, probably due to two ionization
The molecular basis of NKIR binding to HLA has also states (Fan et al, 1996). These proteins were stable in
been studied intensively (Mandelboim et al., 1996, PBS (pH 7.5) at 48C at very high concentrations (up to
1997a; Gumperz et al., 1997). Known HLA-C alleles can 10±15 mg/ml). They did not precipitate or aggregate, as
was shown by a second purification on gel filtration, in
some cases months later. The pattern of the proteins in*To whom correspondence should be addressed (e-mail: jlstrom@
fas.harvard.edu). IEF gels, their mobility in FPLC (both by gel filtration
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Figure 1. Purification of Recombinant Proteins
(A) HLA-Cw6, (B) HLA-Cw7, (C) NKAT1, and (D) NKAT2. The mobility of free b2m and of aggregated material is indicated. The arrows indicate
the position of molecular weight standards. Insets: SDS-PAGE run under nonreducing conditions showing the relevant peak fraction. Positions
of heavy chain (HC) and b2m are indicated.
and ion exchange) and SDS-PAGE (Figure 1), and their BIAcore Experiments
In the BIAcoreexperiments, sensorgrams were run usingstability in concentrated solution represent good evi-
dence for the purity and correct folding of the proteins. the multichannel command. No protein was immobilized
on flow cell 1 of the CM5 chip. This was the controlThat the HLA-C proteins were correctly folded was fur-
ther confirmed by their reactivity with the conformation- surface. NKAT1 and NKAT2 proteins were immobilized
on flow cells 2 and 3, respectively. For each experimentsensitive MAbs PA2.6 and W6/32 (data not shown). Cor-
rect folding of the NKIR proteins was also assessed in the amount of NKAT1 and NKAT2 immobilized was virtu-
ally identical (see figure legends). Using the amine cou-HLA-C binding assays. On native polyacrylamide gels,
a specific interaction between each NKIR and its ap- pling method, proteins are covalently bound to the chip
surface through their primary amines. This implies thatpropiate HLA-C protein could be demonstrated (Figure
2). In contrast to normal SDS-PAGE, in which proteins the proteins are attached to the surface in a random
orientation, leading to a percentage of them being func-are separated on the basis of differences of their molec-
ular weight, proteins run in polyacrylamide gels without tionally inactive due to either a partial or total denatur-
ation or by masking of the active sites. As there is noSDS separate according to their mass-charge ratio,
leading to more complicated mobility patterns for a sin- conformation-dependent antibody against NKIRs, it is
not possible to know the exact amount of these proteinsgle protein. This technique was used to qualitatively
analyze binding between the recombinant proteins. that are correctly folded and available for binding on
the chip surface. It is possible though to extrapolateWhen two proteins interact, the complex shows a differ-
ent gel mobilitypattern than the monomer units by them- the amount of maximum response units (RU max) in a
Scatchard plot in which the ratio between the responseselves. In the presence of excess HLA-C protein, nearly
all of the appropriate NKIR was utilized for complex to a given analyte and its concentration is represented
against the response. These data indicated that theformation; reciprocally, in conditions of excess NKIR
nearly all of the HLA-C protein was present in the NKIR/ maximum amount available for binding, in different ex-
periments, was 25%±40% of the total immobilized protein.HLA complex.
Pure preparations of monomeric NKIRs and HLA-C Increasing concentrations of HLA-C molecules were
injected simultaneously over flow cells comprising acomplexes were then used in BIAcore experiments, in
which protein±protein interactions are measured using blank surface, NKAT1, and NKAT2. Even if no protein
binds to the matrix, the injection of highly concentratedthe phenomenon of surface plasmon resonance (SPR).
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Figure 2. Binding on Native Gels
(A) HLA-Cw6 binds specifically to NKAT1. The
amount of HLA loaded in this experiment is
16.7 mM (in lanes 1:1 and 1:2) and 8.3 mM
(in lanes 2:1 and 4:1). (B) HLA-Cw7 binds to
NKAT2. The amount of NKAT loaded into the
gel is kept constant at 16.7 mM; the amount
of HLA varies. The indicated ratios corre-
spond to NKIR:HLA-C.
protein results in a nonspecific increase in RU. This The curve of HLA-Cw6 flow over NKAT2 was superim-
change in refractive index, usually called ªbulk change,º posable on the curve corresponding to the control sur-
is registered in the blank flow cell and can be subtracted face. Similarly, HLA-Cw7 interacted specifically with
from the test curves. When HLA-Cw6 (Figure 3A) and NKAT2. As the concentration of the injected analyte
HLA-Cw7 (Figure 3B) were injected over NKAT1 and increased, the specific response increased as well (Fig-
NKAT2, HLA-Cw6 specifically interacted with NKAT1. ures 3C and 3D).
The shape of the binding curves revealed that NKIRs
and HLA-C interact with unusually fast association and
dissociation rates, reaching equilibrium within 1 s after
the start of the injection even at the lowest concentra-
tions used (for example, compare Figure 2 in Garcia et
al. [1996] for a similar experiment measuring the interac-
tion of a TCR with an MHC±peptide ligand). Such ex-
tremely fast interaction creates some problems when
analyzing data. First, even when the machine is set at
the highest possible data collection rate, only a few data
points constitute the association and dissociation parts
of the curve. Thus, the statistical analysis has to be done
carefully when trying to calculate the constants of the
reaction. Second, interactions with very fast association
rates are subject to an error known as rebinding (van
der Merwe et al., 1997). Rebinding is the phenomenon
of analyte associating with multiple ligands as it washes
through the flow cell. Hence, the observed koff is actually
an underestimate of the true dissociation constant. To
minimize this source of error, two things were done:
only low amounts of ligand were immobilized, and these
experiments were run at fast flow rates. Even so, it is
not possible to eliminate this source of error completely
Figure 3. Injection of HLA-C over Immobilized NKIR Proteins (van der Merwe et al., 1993, 1994).
(A) HLA-Cw6 interacts specifically with NKAT1. (B) HLA-Cw7 inter- In this context, it is important to confirm the results
acts specifically with NKAT2. HLA-C protein at 13.6 mM was injected
obtained in the experiments by analyzing binding ofover a blank surface, NKAT1 (430 RU), and NKAT2 (432 RU). (C)
analyte and ligand in the reverse orientation. Most ofIncreasing concentrations of HLA-Cw6 over NKAT1, after subtrac-
tion of the blank lane. (D) Increasing concentrations of HLA-Cw7 the MHC molecules unfold when covalently coupled to
over NKAT2, after subtraction of the blank lane. HLA concentrations a CM5 chip (unpublished data). For this reason, HLA-C
are 3.4, 6.8, 13.6, 27.2, and 54.4 mM. Injection of NKIRs over immo- molecules were immobilized on the sensor surface indi-
bilized HLA-C molecules (E and F). (E) NKAT1/HLA-Cw6 interaction.
rectly through a rabbit anti-Fcg/MAb interaction using a(F) NKAT2/HLA-Cw7 interaction. The amount of HLA-Cw6 immobi-
mouse MAb specific for human b2m (BBM.1). Increasinglized was 122.4 RU, and the amount of HLA-Cw7 immobilized was
111.7 RU. concentrations of NKIRs were injected over this surface.
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Table 1. Affinity and Half-Life of Several Immunologically Relevant Receptor/Ligand Complexes Studied by SPR
kon (M21s21) koff (s21) t1/2 (s) Kd (mM) Reference
NK Inhibitory Receptors/HLA-C Ligands
NKAT1/HLA-Cw61 * .2.6 ,0.27 0.089 This report
HLA-Cw6/NKAT1 * .2.02 ,0.34 0.102
NKAT2/HLA-Cw7 * .1.5 ,0.46 0.110
HLA-Cw7/NKAT2 * .1.06 ,0.65 0.129
T Cell Receptors/MHC Ligands
TCR 42.12/H-2Kb-E1 30232 0.068 10.2 234 (Alam, 1996)
TCR 2C/H-2Ld 8300 0.027 26 3.3 (Garcia, 1996)
TCR HY/H-2Db 6200 0.145 4.8 234
TCR HY/H-2Db/CD8 5100 0.15 4.6 294
5100 0.013 70 1.94
TCR 2B4/I-Ek-MCC 900 0.057 12 60 (Matsui et al., 1992)
B Cell Receptors (antibody)/antigen
IgM: CB03/Kcasein 110,000 0.0012 580 0.0114 (Roggenbuck et al., 1994)
IgG: MAb18/p24 270,000 0.00025 2800 0.0014 (Karlsson et al., 1991)
Adhesion Molecule Receptors/Ligands
CD80/CTLA-4 Ig .900,000 .0.43 ,1.6 0.26 (van der Merwe, 1997)
CD80/CD28 Ig .600,000 .1.6 ,0.4 2.5 (van der Merwe, 1997)
CD2(human)/CD58 .400,000 4 0.17 9 (van der Merwe, 1994)
CD2(rat)/CD48 .100,000 .6 0.12 60 (van der Merwe, 1993)
Glycam1(mouse)/CD62L(rat) .100,000 .10 ,0.69 108 (Nicholson et al., 1998)
* The kon rates are too rapid for accurate determination by SPR. The kon values calculated from koff/Kd are for the NKAT/HLA orientation 27 3
106 and 10 3 106, respectively, and for the HLA/NKAT orientation, 19.8 3 106 and 8.2 3 106, respectively. These values may be grossly
inaccurate. See text.
1 The molecule immobilized on the chip is written first.
2 Values vary when MHC molecules were loaded with different peptides.
3 Influence of CD8 on binding of a low affinity TCR/MHC pair.
4 Calculated Kd.
The results obtained in such experiments were compa- are best thought of as minimal estimates. That rebinding
phenomena affected this experiment was confirmed byrable to the ones discussed above (Figures 3E and 3F).
repeating the experiment at varying flow rates The ob-
served koff increased with flow rate, e.g., in one experi-Kinetic Analysis
Using BIAevaluation software, the dissociation constant ment the koff of the HLA-Cw7/NKAT2 complex at 5 ml/
min was 0.942 s21, as compared to 1.53 s21 at 20 ml/of each curve was calculated after subtraction of the
control signal. Because the dissociation phase is very min and 2.22 s21 at 30 ml/min.
Efforts were concentrated on determining the ratefast, calculations were made in two ways: first, the curve
was fitted to a model that analyzed the parallel dissocia- constant of dissociation because the NKIR/HLA-C inter-
action reaches equilibrium within 1 s. This result madetion of two complexes selecting z100 s after the end
of the injection. This yielded two numbers, one corre- direct determination of kon impossible (van der Merwe
et al., 1993). However, it was possible to constructsponding to the very fast dissociation of the ligand, and
a second corresponding to a minimal baseline drift. The Scatchard plots from which the equilibrium binding con-
stant and the RU max at equilibrium could be estimatedsecond analysis, selecting only the part of the curve
corresponding to the rapid fall at the end of the injection, (Figure 4). From the inset diagram in Figure 4, it can
be seen that this binding is saturable. The average Kdwas done fitting thecurve to a first order reaction model.
The value for the koff that was derived from this analysis calculated from different experiments was 0.089 mM for
HLA-Cw6/NKAT1 and 0.110 mM for HLA-Cw7/NKAT2.agreed well with the very fast koff from the parallel disso-
ciation analysis. Aproximate values for the association rate constant
kon calculated from the Kd and observed koff are shownMost experiments were performed by injecting HLA-C
molecules over immobilized NKIRs. However, to confirm in Table 1. However, this calculation of kon may be unreli-
able because, as discussed before, the apparent koff isthese data, a number of experiments were also done
in the reverse orientation, i.e., injection of NKIR over a minimal estimate.
immobilized HLA-C. The data obtained from these ex-
periments were in very good agreement (Table 1). Aver-
aging the data from many experiments, the dissociation Discussion
rate constant of the HLA-Cw6/NKAT1 interaction was
$2.49 6 0.9 s21 and of the HLA-Cw7/NKAT2 interaction, Thus, a system that uses soluble proteins to reproduce
the specific pattern of recognition between HLA-C and$1.43 6 0.4 s21; this equates to half-lives for the NKAT1/
HLA-Cw6 and NKAT2/HLA-Cw7 complexes of #0.28 s NKIR observed in cellular assays has been established.
In this initial analysis, the kinetic parameters of the inter-and #0.48 s, respectively. For the reasons discussed
above, these dissociation rates and complex half-lives action between two p58 proteins, NKIR1 and NKIR2,
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cell±target cell interaction, i.e., the level of expression
of NKIRs and HLA-C proteins as well as their rates of
diffusion within the cell membrane will constitute limiting
factors in the success of an interaction that in kinetic
terms is totally favored (Bell, 1978). Given that the func-
tion of NK cells is to survey for MHC class I, it is striking
that the kinetics of the interaction are such that the
limiting factor is the availability of class I on the target
cell.
If we compare the kinetic parameters of several immu-
nologically relevant proteins, the interaction between
HLA-C and NKIRs appears to be one of the fastest inter-
actions studied so far (Table 1). Strikingly, the binding
of NKIR to HLA-C has kinetic parameters closer to those
of adhesion molecules with their ligands, and these rate
constants are very different from those of the TCR with
MHC±peptide complexes. In the latter case, the on-rates
and off-rates are both reasonably slow and easily mea-
surable with a relatively weak equilibrium binding. How-
ever, in the case of the NKIR interacting with class I
MHC proteins, both the on-rates and the off-rates are
extremely rapid. It is likely that these kinetic differences
reflect differences in function of these two types of inter-
actions. TCR interaction with a MHC±peptide complex
seems to require a sustained occupancy of the complex
in order to achieve full signaling and activation of the
cell (McKeithan, 1995; Valitutti et al., 1995; Lyons et
al., 1996). Indeed, increases in off-rate constant can
be correlated directly with decreased T cell recognition
(Alam et al., 1996; Lyons et al., 1996). On the other hand,
the interaction of the NKIR with theclass I MHC molecule
results in the delivery of a signal to the NK cell, which
interrupts a cascade of signals leading to activation of
the lytic process (Burshtyn et al., 1996; Campbell et al.,
1996; Fry et al., 1996; Olcese et al., 1996). This inhibition
Figure 4. Scatchard Plot Representing the Ratio between the Re- has to occur very rapidly, but endure only transiently
sponse at Equilibrium to a Given Concentration of Analyte against (Colonna et al., 1993a). In this context it seems plausible
the Response
to suggest that this is why the kinetics of the NKIR/
(A) Increasing concentrations of HLA-Cw6 were injected over
HLA-C interaction have evolved to be so rapid. Further,NKAT1. (B) Increasing concentrations of HLA-Cw7 were injected
it would be interesting to study whether each interactionover NKAT2. Inset: response versus concentration. Kd and RU max
between an NKIR and HLA-C is able to send the appro-were calculated. Each figure represents a single experiment. Similar
data from other experiments are summarized in the text. priate inhibitory signal or whether a threshold number
of interactions might be required to generate a signal.
It has been suggested that the very fast off-rates ob-
with HLA-Cw6 and HLA-Cw7, respectively, were exam- served for interaction between adhesion molecules is
ined. These experiments, done at 258C, revealed that physiologically important as it facilitates the detachment
these NKIR bind to HLA-C with very fast association of one cell from another (van der Merwe et al., 1993).
and dissociation rate constants. It seems likely that at Do the rapid kinetics of the NKIR/HLA-C interaction have
physiological temperature the interaction would pro- a similar significance for the biology of NK cells? The
ceed even more rapidly. However, when considering physiological role of NK cells appears to be to carry out
the biological implications of this very fast interaction immunosurveillance for missing or damaged self-MHC
between NKIRs and HLA-C, it is important to place these proteins and is largely butnot entirely independent of the
molecules in their proper context. The data presented peptide ligand bound by these MHC proteins (Malnati et
in this paper were derived from analysis of the molecules al., 1995; Mandelboim et al., 1997b; Rajagopalan and
interacting in solution. In a cell±cell interaction, receptor Long, 1997; Zappacosta et al., 1997). For this function
and ligand are brought together, each anchored in a they must rapidly assess the expression of HLA-C pro-
cell membrane, in the right orientation and in a two- teins on the surface of a cell and, if normal, dissociate
dimensional plane. Integrins and other adhesion mole- to continue immunosurveillance of other cells. Signifi-
cules will assist the interaction between the two mem- cantly, in cytotoxicity assays the HLA-C ligands do not
branes. In this situation, given that the association rate function in trans, i.e., a small number of susceptible
constant of the interaction is so fast, it is the availability targets is succesfully lysed even in the presence of a
of NKIR and its HLA ligand in this cluster that will play large excess of cells bearing inhibitory HLA-C ligands
(Colonna et al., 1993a). Similarly, preexposure of NKan essential role in determining the outcome of the NK
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diethanolamine (pH 9), 2 mM EDTA, 1 mg/ml pepstatin, and 1 mg/mlcells to target cells expressing an inhibitory HLA ligand
leupeptin. On average, a 20% yield of refolded protein was achieved.has no effect on subsequent lysis of susceptible target
Refolding of HLA-C molecules was done by dilution of the inclu-cells (unpublished observations cited in Lanier, 1998).
sion bodies in 1 l of buffer (0.4 M L-arginine, 100 mM Tris [pH 8], 5
These observations imply not only a rapid association- mM GSH, 1mM GSSG, 1 mM pepstatin, and 1 mM leupeptin) con-
dissociation of the NKIR/HLA-C complex, but also an taining the appropiate peptide. Several pulses of heavy chain and
b2m were added (total heavy chain, 3 mM; total b2m, 4 mM) at 24equally rapid reversal of the inhibitory signal.
hr intervals. This mix was incubated at 108C for 72±96 hr (Garboczi
et al., 1992; Fan et al., 1996). This protocol resulted in a yield of
Experimental Procedures around 10% of refolded peptide/HLA/b2m complex.
Prior to concentration in a stirred cell (Amicon), refolded proteins
cDNA Clones were dialyzed against PBS (pH 7.5) at 48C, centrifuged to eliminate
Soluble extracellular portions of NKIR genes were generated by any precipitated material. Finally, they were purified by gel filtration
PCR using as template NKAT1 and NKAT2 plasmids (Gift from using a Superdex 200 Hiload 16/60 column run in PBS at 1 ml/min.
M. Colonna) (Colonna and Samaridis, 1995) and the primer pair Determination of the void volume of the column and migration of
59-CATGCCATGGGACATGAGGGAGTCCACAGAAAACCT-39 and protein standards was done using the Low Molecular Gel Filtration
59-CCCAAGCTTAATGGTGATGATGATGGTGTCTGGGGTTACCGG Calibration Kit (Pharmacia Biotech, Piscataway, NJ).
TTT-39. These primers also introduced NcoI and HindIII restriction BIAcore experiments are sensitive to very small amounts of aggre-
enzyme sites for cloning into pET23d(1) (Novagen) and a poly- gated material on the protein preparation; for this reason, purified
histidine tag on the C terminus. The sequences of the constructs proteins stored for more than a week were repurified again by gel
obtained by PCR were identical to the extracellular portions of the filtration and checked on SDS-PAGE.
previously reported molecules NKAT1 (GenBank accession number
L41267) and NKAT2 (GenBank accession number L41268). Native Gels
Soluble extracellular portions of HLA-Cw*0602 and HLA-Cw*0702 Binding of NKATs and HLA-C molecules was first assessed by run-
heavy chain genes were generated by PCR using the primer pair ning the complexes on polyacrylamide gels under native conditions.
59-CATGCCATGGGTTCTCACTCTATGCGTTATTTC-39 and59-CCCA NKATs were incubated at different molar ratios with HLA-C mole-
AGCTTTTAGGTGAGGGGCTCTGGCAGCCC-39. The 59 primer also cules (see Figure 2 legend) for 45 min at room temperature in PBS
introduced some base changes, which improved the levels of ex- containing protease inhibitors (leupeptin and pepstatin A at 1 mg/
pression (D. Garboczi, personnal communication). To refold HLA- ml). After incubation, the complexes were resolved in gels run with-
Cw6 and HLA-Cw7, the peptides synthesized were YQFTGIKKY and out SDS in either the gel mix or the running or sample buffers. In
RYRPGTVAL, respectively, which are naturally occurring peptide addition, and in contrast with normal SDS-PAGE, the sample was
ligands eluted from these allotypes (Falk et al., 1993). not boiled prior to loading. The stacking gel was buffered at pH 7.0,
The plasmid for expression of b2m was a gift from D. Garboczi and the resolving gel was buffered at pH 8.5.
(Garboczi et al., 1992).
SPR Analysis
The interaction between soluble HLA and NKIRs was monitored withExpression and Refolding of Recombinant Proteins
After cloning into pET23d(1), the plasmids containing the clones a BIAcore 2000 instrument (BIAcore, Piscataway, NJ). All of the
experiments were performed at 258C using as running buffer HBSdescribed above were transformed into E. coli BL21(DE3). A few
colonies were then inoculated in 1 l of 2xYT medium and incubated (25 mM HEPES [pH 7.4], 150 mM NaCl, 3.4 mM EDTA, and 0.005%
surfactant p20) supplied by BIAcore. Unless otherwise stated, ana-until the A600 of the culture was about 0.6, and this culture was then
expanded to 10 l, also to an A600 of 0.6. The culture was then induced lytes were simultaneously injected at a flow rate of 30 ml/min over
control and test surfaces using the multichannel flow option. Theto express the recombinant protein by addition of IPTG (American
Bioanalytical) to a final concentration of 0.4 mM and incubated for data collection rate was set as high as possible, which in the multi-
channel run is 2±3 Hz.3±5 hr. After this time, the bacteria were harvested by centrifugation,
the pellet was washed with TES buffer (10 mM Tris [pH 8], 2 mM NKIRs were covalently coupled to a CM5 sensor chip (BIAcore)
using the Amine Coupling Kit (BIAcore) as recommended by theEDTA [pH 8], and 150 mM NaCl), and then stored frozen at 2708C.
Proteins accumulated inside the bacteria as inclusion bodies. To manufacturer. The soluble NKIRs have theoretical isoelectric points
of 6.3±6.5 and so were diluted in 10 mM Na acetate (pH 5.2) for theextract them, bacteria were lysed by combining several disrupting
conditions: osmotic shock, by diluting in 10 ml/l of culture of a coupling reaction.
The analyte HLA-C molecules were diluted in HBS and increasingsucrose buffer (25% sucrose, 50 mM Tris [pH 8], 1 mM EDTA, 0.1%
sodium azide, 1 mg/ml pepstatin [Sigma], and 1 mg/ml leupeptin concentrations (values as indicated on the figures) were injected
over the chip surface using the command Kinject, with a contact[Sigma]); enzymatic treatment, by adding lysozyme (20 mg/liter of
culture) to the buffer; freeze-thaw cycles; and mechanical shear time of 1 min and a dissociation time of 240 s. As the analyte/ligand
complex dissociated extremely rapidly, regeneration of the surfaceforce, by homogenization. Once the bacteria were lysed, they were
treated, after the addition of 4 M MgCl2 (200 ml/liter of culture), with was not necessary before subsequent injections. When regeneration
was needed, it was carried out with a 30 s pulse of 0.1 M glycineDNase and RNase (both from American Bioanalytical) dissolved in
50% glycerol and 150 mM NaCl to eliminate these viscous macro- (pH 1.8) followed by the Extraclean command.
Control blank surfaces were prepared applying the same treat-molecules. Inclusion bodies were obtained by centrifugation at
14,000 rpm for 40 min and washed by several rounds of homogeniz- ment as for immobilization of a protein, but without the injection
of any protein, i.e., activation with N-ethyl-N'-(diethil-aminopropyl)-ing in buffer containing detergent (0.5% Triton X-100, 0.5% deoxy-
cholic acid, 50 mM Tris [pH 8], 100 mM NaCl, 0.1% Na azide, 1mM carbodiimide (EDC) and N-hydroxysuccinimide (NHS) followed by
deactivation with 1 M ethanolamine-hydrochloride (pH 8.5).DTT, 1 mg/ml pepstatin, and 1 mg/ml leupeptin), followed by centrifu-
gation. The inclusion bodies were then washed with Tris buffer to In some experiments, HLA-C molecules were indirectly immobi-
lized on the chip surface. These reverse orientation experimentseliminate the detergent (50 mM Tris [pH 8], 100 mM NaCl, 0.1% Na
azide, 1 mM DTT, 1 mg/ml leupeptin, and 1 mg/ml pepstatin). Finally, werecarried out by immobilizing, viaamine coupling, rabbit antibody
specific for mouse Fcg (BIAcore) on a CM5 chip following the manu-they were resuspended in 8 M urea, 100 mM Tris (pH 8), and 1 mM
DTT and stored frozen at 2708C. The yield of HLA-C heavy chain facturer's recommendations. Then 10 mg/ml of the anti-b2m MAb
BBM.1 (Brodsky et al., 1979) was injected at 20 ml/min for 1±3 minprotein recovered as inclusion bodies was 300±400 mg/l of bacteria,
and for NKIR proteins the yield varied from 50 to 150mg/l of bacteria. until z1000±1200 RU were immobilized. Subsequently, 10 mg/ml of
HLA was injected at 5 ml/min for 3 min. This protocol led to theNKIR inclusion bodies were refolded by dialysis: 100 mg of dena-
tured protein were diluted in 1 l of buffer (8M urea, 50 Tris mM [pH immobilization of around 100±150 RU of HLA-C on the sensor chip
surface. This method of immobilization gave a very stable baseline,8], 50 mM glycine, 5 mM GSH, 1 mM GSSG) and dialyzed using a
10 K cutoff membrane against 0.4 M L-arginine (pH 8), 100 mM the half-life of the rabbit anti-Fcg/MAb/HLA complex being more
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than 100 hr. For these experiments there were two control lanes: Allele-specific peptide ligand motifs of HLA-C molecules. Proc. Natl.
Acad. Sci. USA 90, 12005±12009.one with only anti-Fcg covalently coupled on it and the second with
anti-Fcg and BBM1 antibody but no HLA-C; both behaved similarly. Fan, Q.O.R., Garboczi, D.N., Winter, C.C., Wagtmann, N., Long, E.O.,
Regeneration of this surface was carried out by injecting 0.1 M and Wiley, D.C. (1996). Direct binding of a soluble natural killer cell
glycine (pH 1.8) followed by the Extraclean command. inhibitory receptor to a soluble human leukocyte antigen-Cw4 class
I major histocompatibility complex molecule. Proc. Natl. Acad. Sci.
USA 93, 7178±7183.Analysis of Affinity and Kinetic Data
The curve properties were analyzed using BIAevaluation software Fry, A.M., Lanier, L.L., and Weiss, A. (1996). Phosphotyrosines in
version 2.1 (BIAcore). For all the included data, x2 was less than 2, the killer cell inhibitory receptor motif of NKB1 are required for
the offset was close to zero, and the residuals were low, indicating negative signaling and for association with protein tyrosine phos-
a good quality of data fitting to the model. Scatchard plots and phatase 1C. J. Exp. Med. 184, 295±300.
statistical analysis were done using Microsoft Excel version 5.0 and Garboczi, D.N., Hung, D.T., and Wiley, D.C. (1992). HLA-A2-peptide
Cricket Graph. complexes: refolding and crystallization of molecules expressed in
Escherichia coli and complexed with single antigenic peptides.
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